Introduction
============

Breast cancer is a leading cause of cancer deaths in women in not only Taiwan but also the whole world.[@b1-ijn-11-1557] Large-scale epidemiological cohort studies reported that breast cancer is associated with cigarettes, and one study focused on nicotine (Nic) because \>80% of Nic is absorbed after smoking.[@b2-ijn-11-1557],[@b3-ijn-11-1557] Another study mentioned the role of the nicotinic acetylcholine receptor (nAChR) in carcinogenesis, and Nic is known to be a high-affinity nAChR agonist.[@b4-ijn-11-1557] Therefore, inhibition of nAChR-mediated signals represents a potential strategy for breast cancer treatment. Quercetin (Que), an nAChR antagonist, was found to inhibit the proliferation of human breast cancer cells through blockage of Nic receptors and nAChR subunit expression.[@b5-ijn-11-1557] Que is a component of most edible fruits and vegetables, with the highest concentrations found in onions, apples, and red wine.[@b6-ijn-11-1557],[@b7-ijn-11-1557] Although the anticancer mechanisms are not yet fully understood, current evidence demonstrates that Que is beneficial for improving breast cancer chemotherapy and is a potential chemopreventive agent.[@b5-ijn-11-1557] However, the poor water solubility of Que leads to its minimal absorption in the gastrointestinal tract, and its oral bioavailability (BA) is \<17% in rats and only 1% in men.[@b8-ijn-11-1557],[@b9-ijn-11-1557] Que was previously applied in early-stage clinical trials as an anticancer agent; however, it required the use of solvents such as dimethyl sulfoxide (DMSO) or ethanol.[@b10-ijn-11-1557] In addition, chemical modifications were attempted to improve Que's solubility, but resulted in a loss of drug efficacy.[@b11-ijn-11-1557] The low hydrophilicity of Que thus affects its biological activity; as a result, clinical applications of Que are greatly restricted. However, two recent studies demonstrated that the antioxidant activity and antiproliferative effects of Que could be enhanced by encapsulating in PLGA nanoparticles and absorption on nanodiamond, respectively.[@b12-ijn-11-1557],[@b13-ijn-11-1557] This encouraged to utilize alternative strategies based on pharmaceutical technologies to improve the water solubility and BA of Que.

Polymeric micelle-based drug delivery systems made from amphiphilic polymers, which self-assemble into structures of hydrophobic cores and hydrophilic shells, have been widely applied for delivering poorly soluble drugs.[@b14-ijn-11-1557],[@b15-ijn-11-1557] The hydrophobic core of micelles can serve as a cargo space for encapsulating various poorly soluble therapeutic agents and is responsible for the drug stability and release patterns, while the outer hydrophilic shell protects against attack from the reticuloendothelial system (RES) and beneficially modifies the pharmacokinetics and biodistribution behavior, overall resulting in an increase in BA. The small size of micelles can achieve a favorable biodistribution; moreover, the nanosize of micelles permits their extravasation and accumulation in tumor sites, which is passive targeting by the enhanced permeability and retention effect.[@b16-ijn-11-1557]--[@b21-ijn-11-1557] An additional advantage of micelles from a practical point of view is that they can simply be reproduced and are easy to prepare on a large scale.[@b22-ijn-11-1557]

One limitation with traditional micelles made with an amphiphilic polymer is that the solubilization is determined by the total number of micelles in the system. To improve the solubilization ability, additional hydrophobic materials are added to form a novel delivery system, that is, mixed polymeric micelles (MPMs). The rationale of MPMs is to increase the volume of the hydrophobic core of each micelle by incorporating hydrophobic materials, and hence, MPMs provide more space in which a hydrophobic drug can be solubilized. MPMs retain all the advantages of traditional micelles described earlier, while further increasing the solubilization capacity of poorly soluble drugs. Krishnadas et al[@b23-ijn-11-1557] prepared a paclitaxel micelle system using 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-methoxy\[poly(ethylene glycol)-2000\] (DSPE-PEG2K) only or a mixture of DSPE-PEG2K and egg-phosphatidylcholine (ePC), and they concluded that the latter (the mixture of DSPE-PEG2K and ePC) showed increased solubilization compared to the former one (DSPE-PEG2K). Similarly, Wei et al[@b22-ijn-11-1557] developed MPMs for paclitaxel using Pluronic^®^ P123 and F127 (BASF, Hanover, Germany), and the 50% inhibitory concentration (IC~50~) of micelles against human lung adenocarcinoma A-549 cells was lower than that of a Taxol^®^ injection (Bristol-Myers Squibb Company, Princeton, NJ, USA) (the commercial product of paclitaxel) and free paclitaxel. Notably, doxorubicin-loaded MPMs composed of Pluronic L61 and F127 were successfully evaluated in a Phase II study in patients with advanced esophageal carcinoma.[@b24-ijn-11-1557] Zhao et al[@b25-ijn-11-1557] prepared MPMs using Pluronic P123 and [d]{.smallcaps}-alpha tocopheryl polyethylene glycol succinate (TPGS), and the solubility of Que dramatically increased to 5.56 mg/mL (a 2,738-fold increase compared to free Que). Therefore, MPMs offer synergistic properties such as increased drug stability, loading efficiencies, and efficacy that are superior to those of traditional micelles using individual components.[@b26-ijn-11-1557]

Lecithin is a hydrophobic mixture of naturally occurring phospholipids, including phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositol. It is widely utilized in food and pharmaceutical applications and is considered a safe and biocompatible excipient. Phospholipids, as important components of cell membranes, can maintain membrane fluidity and help in easy absorption of drugs, so lecithin-based formulations are a method to increase BA.[@b26-ijn-11-1557] Lecithin-based nanoparticles of docetaxel were reported to enhance the anti-tumor effects and be biocompatible after an intravenous injection.[@b27-ijn-11-1557] Hu et al[@b28-ijn-11-1557] also showed that lecithin-based nanoparticles displayed a sustained-release profile, witĥ80% of docetaxel released within 72 hours, and there was a higher oral BA compared to that of a docetaxel solution (8.75% vs 2.40%). Li et al[@b29-ijn-11-1557] prepared lecithin-based nanoparticles for Que, and in vivo pharmacokinetic (PK) studies showed it had a higher BA (more than fivefold) compared to a Que suspension, and the time of maximum concentration observed (*T*~max~) and the mean residence time (MRT) were both delayed. Therefore, lecithin-based formulations were able to improve the therapeutic efficacy of drugs with poor oral absorption.[@b30-ijn-11-1557]

The aim of this study was to develop novel lecithin-based MPMs (LMPMs) for Que to increase its solubility and BA. Que-LMPMs were prepared with lecithin and amphiphilic polymers (TPGS, DSPE-PEG, Pluronic, and Cremophor \[BASF, Hanover, Germany\]^®^) by a thin-film method. We attempted to create micelles with a particle size of \<100 nm, an encapsulation efficiency (EE) of \>90%, and drug loading (DL) of \>10%. The optimal formulation was further characterized in terms of its physicochemical properties (morphological observations and in vitro drug release), in vitro cytotoxicity and uptake, and in vivo pharmacokinetics.

Materials and methods
=====================

Chemicals and reagents
----------------------

Granular [l]{.smallcaps}-α-lecithin was supplied by Acros (Thermo Fisher Scientific, Waltham, MA, USA). Pluronic series F87, F127, and F68, TPGS, and Cremophor (ELP and RH40) were purchased from BASF (Hanover, Germany). Que and Pluronic series L121, F108, and P123 were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). DSPE-PEG2K was from NOF (Tokyo, Japan). Heparin 5,000 IU/mL was provided by China Chemical & Pharmaceutical (Hsinchu, Taiwan). Dulbecco's Modified Eagle's Medium, fetal bovine serum, and glutamine were purchased from Biowest (Nuaillé, France). All reagents for the high-performance liquid chromatographic (HPLC) analysis were of HPLC grade, and other reagents were of analytical grade.

Preparation of Que-LMPMs
------------------------

Que-LMPMs were prepared by a thin-film method as described earlier.[@b31-ijn-11-1557] Briefly, Que was dissolved in acetone and lecithin was dissolved in dichloromethane (CH~2~Cl~2~), and then mixed at a predetermined ratio with a fixed amount of Que at 6 mg. Next, different ratios of various polymers (Pluronic series F87, F127, F68, L121, F108, and P123, TPGS, Cremophor RH40 and ELP, and DSPE-PEG2K) were added and mixed in a round bottom flask. The mixture was subsequently evaporated by rotary evaporation (rotavapor R124; Buchi, Flawil, Switzerland) at 40°C±1°C under reduced pressure to obtain a thin film, and then 1 mL of deionized water was added, followed by gentle shaking until the thin film was dissolved. Unincorporated Que aggregates were removed by passing through a 0.22 μm filter (EMD Millipore, Billerica, MA, USA), and Que-LMPMs were obtained and further evaluated.

Characterization of Que-LMPMs
-----------------------------

The average particle size and size distribution of Que-LMPMs were measured with an N5 submicron particle size analyzer (Beckman Coulter, Brea, CA, USA) at room temperature. The surface morphology was observed with transmission electron microscopy (TEM; Hitachi H-600, Hitachi Ltd., Tokyo, Japan).

Quantification of Que
---------------------

Que was analyzed by HPLC (Pump PU-980; Jasco, Tokyo, Japan) by a method from Hertog et al[@b32-ijn-11-1557] with little modification. The Que concentration was determined by a Vercopak (GL Sciences, Tokyo, Japan) Inertsil 6 ODS-3 column (6 μm, 150×4.6 mm; Tokyo, Japan). The mobile phase was a mixture of methanol/0.025 M phosphoric acid (6/4, v/v) at a flow rate of 1.0 mL/min at 30°C. The column effluent was monitored by an ultraviolet detector (UV-975, Jasco) at a wavelength of 375 nm. The HPLC method was validated to have an acceptable coefficient of variation for accuracy and precision. Once the concentration of Que was known from the validated calibration curve, the EE and DL were calculated according to [Equations 1](#fd1-ijn-11-1557){ref-type="disp-formula"} and [2](#fd2-ijn-11-1557){ref-type="disp-formula"}, respectively: $${EF} = \frac{W_{M}}{W_{1}} \times 100$$and $${DL} = \frac{W_{M}}{W_{P} + W_{M}} \times 100,$$where *W*~M~ is the weight of drug in the micelles, *W*~I~ is the weight of initial feeding drug, and *W*~P~ is the weight of initial feeding polymers.

In vitro release studies
------------------------

The drug released from the Que-LMPMs was captured in the medium of a 0.5% Tween 80 aqueous solution using the dialysis bag method.[@b25-ijn-11-1557] The Que-LMPM solution containing 2 mg Que or 2 mL free Que solution (1 mg/mL in propylene glycol) was put into a separate dialysis bag (MWCO 3,500, Cellu-Sep^®^ T1 \[Orange Scientific, Seguin, TX, USA\]; Seguin, TX, USA). The bag was placed in a conical flask immersed in 100 mL of dissolution medium at 37°C with 100 rpm shaking. At each time point, the dialysis bag was relocated in a new dissolution medium to maintain a sink condition. The concentration of Que released from the dialysis bag was analyzed by the HPLC method as described in the "Quantification of Que" section. All measurements were carried out in triplicate. For comparison, the release of free Que from the propylene glycol solution was conducted under the same conditions.

Cellular uptake study
---------------------

MCF-7 breast cancer cells were seeded on 24-well plates at a density of 3×10^4^ cells/0.5 mL/well. Twenty-four hours later, coumarin 6 (3-(2′-benzothiazolyl)-7-diethylaminocoumarin)-loaded Que-LMPMs were added to the wells and incubated for 48 hours. After removing the coumarin 6-loaded Que-LMPMs and washing the wells with phosphate-buffered saline, cell nuclei were stained with Hoechst 33342. Cells were then observed with an inverted fluorescence microscope linked with a confocal imaging system (Leica TCS SP5; Leica Microsystems, Wetzlar, Germany) using an fluorescein isothiocyanate filter. The presence of coumarin 6 was detected by excitation at 450 nm and emission at 510 nm. Coumarin 6 is hydrophobic, so it could be encapsulated with Que in the inner hydrophobic area of micelles when preparing Que-LMPMs in the same way, and thus, it could demonstrate the fate of Que-LMPMs. The Laboratory Animal Center of Taipei Medical University (Taipei, Taiwan, ROC) approved the use of human cell lines in cell uptake study and animal studies (approval number LAC-103-0126).

Cell viability assays
---------------------

The cytotoxicity of the optimal Que-LMPMs, blank LMPMs (without Que), and a free Que solution against MCF-7 breast cancer cells was evaluated by a tetrazolium salt MTT assay. MCF-7 cells were expanded in Dulbecco's Modified Eagle's Medium with 10% fetal bovine serum, 10% [l]{.smallcaps}-glutamine, and 10% penicillin--streptomycin. Cells were seeded at a density of 3×10^4^ cells per well in 24-well plates. After 48 hours of treatment at 37°C with 5% CO~2~, 300 μL of MTT (3 mg/mL) was added to each well for 3 hours. Then, the medium was removed, and 200 μL DMSO was added to dissolve the formed purple formazan crystals. Cell viability was measured with a spectrophotometer at an absorbance of 570 nm (Bio-Tek, Winooski, VT, USA). Cells with no treatment were used as a control group. The IC~50~ was defined as the concentration of treatment that inhibited cell growth by 50%.

In vivo PK studies of intravenous administration
------------------------------------------------

Male Sprague Dawley rats, 8--10 weeks old, were used to investigate the PK profile of the optimal Que-LMPMs and free Que solution (Que was dissolved in a solvent of DMSO/PEG400=3/7). Rats were given a single intravenous administration of 10 mg/kg of Que-LMPMs or the free Que solution (three rats per group). Blood samples were collected into heparinized tubes from the jugular vein at 5, 10, 15, 30, 60, 90, 120, 240, 360, 480, and 720 minutes after administration. All blood samples were immediately centrifuged at 3,000 rpm for 15 minutes to obtain plasma. The plasma was stored at −30°C before the HPLC analysis. PK parameters were represented as the value of mean and standard deviation from individual rats in each group and estimated through a noncompartmental analysis. The terminal elimination rate constant (*K*~e~) was estimated from the slope of the log-linear phase of the declining plasma concentration of Que versus time graph. The half-life (*T*~1/2~) was calculated using the following equation: *T*~1/2~ = ln 2/*K*~e~. The area under the concentration time curve from the beginning to the last time point (AUC~0→last~) was calculated using the trapezoidal method. Summation of AUC~0→last~ and the concentration at the last measured point divided by *K*~e~ yielded AUC~0→∞~. Clearance (CL) was calculated by dividing the dose by AUC~0→∞~ and the volume of distribution (*V*) by dividing CL by K~e~. The animal study was approved by the Laboratory Animal Center of Taipei Medical University (Taipei, Taiwan, ROC) (approval number LAC-101-0277).

Statistical analysis
--------------------

Statistical analysis of all results was performed by Student's *t*-test assuming unequal variance. Two-tailed *P*-values of \<0.05 were regarded as statistically significant differences. Tabulated data are presented as mean ± standard deviation.

Results
=======

Preparation and characterization of Que-LMPMs
---------------------------------------------

Lecithin is soluble in CH~2~Cl~2~ and chloroform (CHCl~3~), while Que is not soluble in these two solvents, but is only very slightly soluble in methanol, ethanol, and acetone. Preliminarily, Que was dissolved in either methanol or ethanol or acetone; the solvent for lecithin was CH~2~Cl~2~ or CHCl~3~, and then the solutions of Que and lecithin were mixed at various ratios to determine the optimal solvent mixture capable of dissolving both Que and lecithin at reasonable quantities. Results demonstrated that \>10 mg/mL of lecithin was able to dissolve when the ratios of CH~2~Cl~2~/acetone, CH~2~Cl~2~/methanol, and CH~2~Cl~2~/ethanol of 2/8, 6/4, and 8/2, respectively, were exceeded and when the ratios of CHCl~3~/acetone, CHCl~3~/methanol, and CHCl~3~/ethanol were 8/2, 5/5, and 5/5, respectively. A higher ratio of CH~2~Cl~2~ or CHCl~3~ increased the solubility of lecithin; however, it simultaneously reduced the solubility of Que. By considering safety and the optimization of solubility, we chose a ratio of acetone/CH~2~Cl~2~ of 7/3 to mix Que and lecithin for the following experiments.

We attempted to produce micelles with a particle size of \<100 nm, an EE of \>90%, and a DL of \>10%. The major impact factors for LMPM fabrication are the type of polymers and the proportions of drug and polymers. So, various amphiphilic polymers (TPGS, DSPE-PEG, Pluronic series, and Cremophor) and different ratios of Que, lecithin, and amphiphilic polymers were studied.[@b33-ijn-11-1557] [Table 1](#t1-ijn-11-1557){ref-type="table"} lists the particle size, DL, and EE of optimal formulations for each polymer. With the use of Cremophor, TPGS, DSPE-PEG, Pluronic F68, F108, F87, F127, or L121, none of these formulations met the earlier criteria for particle size, DL, and EE, regardless of the ratio used. When Que:lecithin:PP123 was in a weight ratio of 3:1:20, the particle size, EE, and DL were 78.7 nm, 88.07%, and 11.01%, respectively. Furthermore, when we added DSPE-PEG2K and adjusted the ratio of Que:lecithin:PP123:DSPE-PEG2K to 3:1:17.5:2.5 (w/w), the particle size, EE, and DL were optimized to 61.60±5.02 nm, 96.87%±9.04%, and 12.18%±1.11%, respectively, and it was selected as the optimal Que-LMPM for the following evaluations.

Transmission electron micrographs
---------------------------------

The morphology of optimum Que-LMPMs was observed on TEM images. [Figure 1](#f1-ijn-11-1557){ref-type="fig"} reveals that micelles displayed a spherical shape with uniform particles; particle sizes measured from TEM images were \~60--70 nm and were in good agreement with those measured with the N5 submicron particle size analyzer.

In vitro release studies
------------------------

The in vitro release of Que from micellar formulations under a sink condition was investigated by a dialysis method. As shown in [Figure 2](#f2-ijn-11-1557){ref-type="fig"}, only 8% of Que was released from optimal Que-LMPMs within the first 12 hours, while 60% of Que was released from the free Que solution. At the end of the study, \~30% of Que initially incorporated in the micelles had been released. Even at 60 hours, the release of free Que could not reach 100%, because Que was able to dissolve in propylene glycol; however, after 10 hours of dialysis, the propylene glycol had been dialyzed out, which caused the precipitation of Que in the dialysis bag.

Cellular uptake study and in vitro cytotoxicity
-----------------------------------------------

[Figure 3A](#f3-ijn-11-1557){ref-type="fig"} shows the bright field of MCF-7 cancer cells. [Figure 3B and C](#f3-ijn-11-1557){ref-type="fig"} shows that the nuclei of MCF-7 cancer cells were stained with Hoechst 33342 as blue, while Que-LMPMs with coumarin 6 stained green. This demonstrates that Que-LMPMs were taken up by cells as shown in [Figure 3D](#f3-ijn-11-1557){ref-type="fig"} and confirms its cytotoxic effect.

[Figure 4](#f4-ijn-11-1557){ref-type="fig"} demonstrates the cell viability after treatment of Que, Que-MPMs, and blank MPMs. The IC~50~ value of blank LMPM (without Que) developed in this study was \>200 μM, while that of optimal Que-LMPM was 110 μM.

In vivo PK study of Que-LMPMs
-----------------------------

[Figure 5](#f5-ijn-11-1557){ref-type="fig"} shows the plasma concentration of Que versus time curve in Sprague Dawley rats after intravenous administration of a free Que solution or Que-LMPMs at a dose of 10 mg/kg. Both Que formulations were well tolerated by the animals. The PK parameters are shown in [Table 2](#t2-ijn-11-1557){ref-type="table"}. The value of AUC~0→∞~ of Que-LMPMs and the half-life were higher than those of free Que, while CL of Que-LMPMs was slower. Compared to the free Que solution, the AUC~0→∞~ increased 2.4-fold.

Discussion
==========

Que is known to have biological benefits; but in clinical settings, it is mostly hampered by its low water solubility and poor absorption in the body.[@b34-ijn-11-1557] Thus, it is imperative to develop alternative delivery systems for Que, and it was the objective of the present study to develop a lecithin-based MPM system that could increase the solubility and BA of Que, and potentially improve its anticancer activity.[@b35-ijn-11-1557]

The major factors affecting the particle size, DL, and EE of LMPMs are the nature and amount of the polymers. When using DSPE-PEG2K as an amphiphilic polymer, the particle sizes of all formulations were \>2,000 nm, regardless of the ratios of Que, lecithin, and DSPE-PEG2K. The value of the hydrophilic--lipophilic balance for DSPE-PEG2K is 14 and the hydrophilicity is relatively high; therefore, it might have a lower ability to incorporate a hydrophobic drug and form micelles. This reason could also explain the results of the formulations with Pluronic F68, F108, F87, and F127.

With a ratio of Que:lecithin:PF87 of 1:0:20, the particle size was \>5,000 nm. After the addition of lecithin, the particle size decreased to 237.90 nm at the ratio of 1:1:20. The insertion of lecithin into the micelles formed LMPMs, with a possible transition of polyoxyethylene--polyoxypropylene chains from a brush to a mushroom conformation as suggested previously, thus decreasing the particle size.[@b36-ijn-11-1557] Lecithin is a mixture of phospholipids and is regarded as a well-tolerated and nontoxic compound, making it suitable for long-term use in high amounts. It is totally biodegradable and is an integral part of biological membranes. In this study, lecithin was thus used as a hydrophobic material for the micelles. In PL121 formulations, EE increased with an increasing amount of lecithin because the addition of lecithin into the micellar system increased the volume of the hydrophobic region of the micelle and, hence, provided more space for the hydrophobic drug to be solubilized.[@b37-ijn-11-1557] Similarly, Gao et al[@b38-ijn-11-1557] prepared polyethylene glycol-phosphatidylethanolamine micelles, and \~15 mg paclitaxel was encapsulated. Furthermore, the addition of ePC increased the paclitaxel load to 33 mg because ePC created particles with higher hydrophobic contents.[@b37-ijn-11-1557] However, the high hydrophilic--lipophilic balance value and the short hydrophilic chain of PL121 allowed the micelles to easily aggregate.

Each of these polymers has unique advantages for drug delivery. So, an appropriate polymer should be chosen to achieve specific goals. Formulations of PP123 met the criteria for particle sizes. PP123 is PEO~20~--PPO~68~--PEO~20~, where PEO is poly(ethylene oxide) and PPO is poly(propylene oxide).[@b39-ijn-11-1557] A unique feature of PP123 is that it can self-assemble into spherical micelle structures constructed by PEO as a hydrophilic outer shell to maintain the dispersion stability and PPO as a hydrophobic inner core to serve as a "pool" to incorporate the hydrophobic agents.[@b40-ijn-11-1557] We speculated that the triblock structure of PP123 inserted well into the hydrophobic core, which provided more space to incorporate as much Que as possible and offered steric hindrance to prevent the micelles from adhering to each other. Also, using PP123 could serve as an inert carrier and also modify the biological response.[@b41-ijn-11-1557] PP123 was reported to inhibit the efflux actions of P-glycoproteins. The overexpression of P-glycoproteins in cancer tissues often reduces the accumulation of therapeutic agents at tumor sites by pumping them out, thereby reducing the efficacy and, hence, causing multidrug resistance to a variety of chemotherapies.[@b42-ijn-11-1557]--[@b44-ijn-11-1557] Thus, PP123 micelles have garnered much attention as they can increase the solubility, improve the circulation time, and suppress multidrug resistance.

Furthermore, the addition of DSPE-PEG2K optimized the particle size, EE, and DL. Drug release is affected by the particle size; smaller particles usually have a larger surface area and faster drug release, while encapsulated drugs slowly diffuse out of larger particles. On the contrary, smaller particles have a greater risk of aggregation; so, it is always a challenge to formulate micelles of a small size while maintaining maximum stability. Because DSPE-PEG2K is amphiphilic, it accumulates at the surface of these hydrophobic Que particles and reduces the surface tension between the drug and buffer interface. The insertion of DSPE-PEG2K prevents particle--particle interactions and further growth of micelles by providing a steric barrier. In addition, the PEG chain on the surface of the micelles renders them sterically stabilized, avoiding opsonization and RES uptake.

Zhao et al[@b25-ijn-11-1557] used TPGS and PP123 to prepare Que micelles, and the particle size was 18.43 nm, EE was 88.94%±3.71%, and DL was 10.59%±0.38%. Compared to the results of Zhao et al, our larger particle size may have been due to the addition of lecithin, which formed a larger hydrophobic core. But with it, a greater amount of Que was entrapped, resulting in higher EE and DL values. The solubility of Que is 0.17--7.7 μg/mL, but through the solubilization of Que-LMPMs, it increased to 5.81 mg/mL (a 754.8--34,189.4-fold increase).[@b45-ijn-11-1557]

For successful drug delivery, it is important that drug-loaded micelles retain the drug during a certain time period after administration. Que is brilliant yellow and cannot be dissolved in pure water, as was also confirmed by previous observations of a turbid yellow slurry. So, Que was dissolved in a propylene glycol solution as a free Que solution in the drug release study.[@b25-ijn-11-1557] Most Que in the propylene glycol solution was released within 12 hours, and this suggests that Que could freely diffuse through the dialysis membrane. During the same time period, 8% of Que was released from Que-LMPMs, which was much slower than the free Que solution. This result shows that the micelle carrier not only solubilized the poorly soluble drug but also sustained Que release. These results were similar to those of many studies reporting that drug-loaded LMPMs provide a sustained-release pattern.

The anticancer activity of Que was significantly improved over the free drug through the vehicle of LMPMs, as determined by the in vitro cell viability assay. Nevertheless, nondrug-loaded LMPMs did not possess obvious toxicity to MCF-7 breast cancer cells, indicating that the micellar system was safe, biocompatible, and nontoxic. The self-assembling LMPMs are capable of solubilizing a wide range of poorly water-soluble molecules, and they act as a safe carrier to deliver a drug without the use of potentially harmful surfactants and excipients. On the other hand, the IC~50~ of the optimum Que-LMPM was higher than that fabricated by Zhao et al[@b25-ijn-11-1557] with TPGS and PP123 (110 vs 23.6 μM). The higher cytotoxicity of the Que-LMPMs of Zhao et al may have been due to the carrier system itself because the IC~50~ of the blank LMPM was already 100 μM. Zhao et al[@b25-ijn-11-1557] mentioned that the cytotoxicity of TPGS/PP123 micelles was higher than that of PP123 empty micelles due to the use of TPGS. However, in this study, the LMPMs prepared with PP123 and lecithin were less cytotoxic.

The in vivo PK study demonstrated that Que-LMPMs slowly released Que, resulting in a higher AUC, a longer half-life, and lower CL. The increase in the AUC with Que-LMPMs usually indicates a higher BA, which might be attributed to the following reasons: 1) lecithin, a mixture of phospholipids, is an important component of cell membranes and allowed Que to be easily absorbed; 2) the sustained-release property of the micelles increased the circulation time and exposure of Que in the systematic circulation; 3) the encapsulation of Que into LMPMs might have protected Que from degradation, and together with the effect of DSPE-PEG2K, protected Que from being recognized by the RES; and 4) the small particle size of the micelles reduced the uptake by the RES. Moreover, it also allowed the extravasation of the carriers, minimized the risks of embolism in capillaries, and permitted sterilization of the product to be easily carried out by filtration, which is beneficial for practical large-scale manufacture, once clinically available.[@b46-ijn-11-1557] In addition, the small size characteristic provides efficient passive tumor-targeting ability by an enhanced permeability and retention effect, leading to passive tumor-targeting ability for future anticancer studies.[@b47-ijn-11-1557]--[@b49-ijn-11-1557]

Conclusion
==========

In this study, self-assembling LMPMs containing Que were developed by a thin-film method. Due to their nanosize, core--shell structure, and solubilization potential, the LMPMs proved to be a successful drug delivery system for Que in cancer treatment. They could be a promising nanomedicine technology platform for potential applications to other poorly soluble anticancer drugs.
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![Transmission electron microscopic image of quercetin-mixed polymeric micelles. Scale bar: 100 nm at a 2×10^5^ magnification.](ijn-11-1557Fig1){#f1-ijn-11-1557}

![In vitro drug release profile of quercetin-mixed polymeric micelles and free quercetin (n=3).](ijn-11-1557Fig2){#f2-ijn-11-1557}

![Images of MCF-7 breast cancer cells treated with quercetin-mixed polymeric micelles.\
**Notes:** Bright field of cells (**A**); fluorescence images of cell nuclei stained with Hoechst 33258 exhibiting blue (**B**) and coumarin 6 exhibiting green (**C**); (**D**) is a merged image of (**A**--**C**).](ijn-11-1557Fig3){#f3-ijn-11-1557}

![In vitro cytotoxicity profile of quercetin, quercetin-mixed polymeric micelles, and blank-mixed polymeric micelles (n=3).](ijn-11-1557Fig4){#f4-ijn-11-1557}

![Plasma concentration--time curves of Que after intravenous administration of Que-mixed polymeric micelles and free Que (10 mg/kg) to rats.\
**Note:** Each data point represents the mean ± standard deviation (n=3).\
**Abbreviation:** Que, quercetin.](ijn-11-1557Fig5){#f5-ijn-11-1557}

###### 

Character comparison of the optimal quercetin-mixed polymeric micelle formulations for each polymer

  Polymer          Quercetin:lecithin:polymer (w/w)                 Size (nm) (PDI), mean ± SD   EE (%)   DL (%)
  ---------------- ------------------------------------------------ ---------------------------- -------- --------
  Cremophor ELP    1:2:20                                           132.6±3.92 (1.05±0.041)      80.42    3.50
  Cremophor RH40   1:1:20                                           71.9±6.82 (1.582±0.141)      87.60    4.11
  TPGS             1:1:20                                           25.2±0.94 (0.978±0.127)      87.11    3.96
  Pluronic P123    3:1:20                                           78.7±1.73 (0.589±0.198)      88.07    11.01
  Pluronic L121    NA[\*](#tfn1-ijn-11-1557){ref-type="table-fn"}   NA                           NA       NA
  Pluronic F127    1:2:20                                           166.6±12.02 (0.89±0.026)     83.88    3.81
  Pluronic F108    NA                                               NA                           NA       NA
  Pluronic F87     1:1:20                                           275.5±15.07 (0.705±0.124)    81.94    3.79
  Pluronic F68     NA                                               NA                           NA       NA
  DSPE-PEG2K       NA                                               NA                           NA       NA

**Note:**

No micelle formed, so the value was not applicable.

**Abbreviations:** DL, drug loading; DSPE-PEG2K, 1,2-distearoyl-*sn*-glycerol-3-phosphoethanolamine-*N*-methoxy\[poly(ethylene glycol)-2000\]; EE, encapsulating efficiency; PDI, polydispersion index; TPGS, tocopheryl polyethylene glycol succinate; NA, not applicable.

###### 

Summary of pharmacokinetic parameters of quercetin with intravenous administration of quercetin-mixed polymeric micelles and free quercetin (10 mg/kg) (n=3)

  Treatment group           Quercetin-mixed polymeric micelle   Free quercetin solution
  ------------------------- ----------------------------------- -------------------------
  AUC~0→last~ (μg min/mL)   922.6±1,102.5                       343.3±125.1
  AUC~0→∞~ (μg min/mL)      1,056.9±1,130.7                     444.2±153.4
  *T*~1/2~ (min)            448±95.9                            380±0.67
  Cl (mL/min/kg)            17.93±11.89                         23.94±8.26
  V (L/kg)                  12.44±8.99                          13.12±4.51

**Abbreviations:** AUC~0→last~, area under the concentration time curve from the beginning to the last time point; Cl, clearance; V, volume of distribution; *T*~1/2~, half-life.

[^1]: These authors contributed equally to this work
